In 18 allogeneic blood/marrow transplanted (BMT) cases, skin biopsies were taken for acute GVHD diagnosis. In 14 cases clinical and histopathology data were consistent with acute GVHD with toxic lesions in four cases. All skin biopsies were stained for the presence of apoptotic cells (TUNEL technique). Nine patients' skin biopsies were positive for this stain. Apoptotic cells were seen in epidermal cells of the epidermis and in hair follicles. The presence of apoptotic cells was associated with (1) advanced stage (уII grade) acute GVHD (P ‫؍‬ 0.015) and (2) heavy mononuclear cell infiltration (P ‫؍‬ 0.015), predominantly of CD8 ؉ cells (P ‫؍‬ 0.025). Ki67 immunoreactivity of epidermal cells was different in the epidermis having and lacking apoptotic cells. Ki67 MoAb staining of epidermal cells revealed that nuclei were enlarged and stained stronger in biopsies with than biopsies without apoptotic cells (P ‫؍‬ 0.008). Cyclin A positive cells were in a high proportion and cdc2-positive cells in a low proportion in patients' biopsies with acute GVHD and toxic lesions. In addition cyclin A accumulation was seen in keratinocytes in GVHD biopsies. Therefore, mitosis of skin cells is impaired, likely due to the genotoxic effect of conditioning, which renders the cells susceptible to acute GVHD-associated apoptotic damage. lesions. NORs accumulation depicts the cells being in cell cycle which, however, may not be completed with a successful mitosis. If cell division can not be completed the process terminates with apoptosis. 6 In the present work, we evaluated an association between the extent of lymphocyte infiltration and the presence of both Ki67ϩ and apoptotic cells in skin biopsies obtained from acute GVHD patients. In addition PCNA, cyclin A, and cell division cycle 2 (cdc2) positivity of keratinocytes were evaluated. This complex analysis showed an impairment of the growth cycle of keratinocytes in patients post BMT which likely promotes apoptotic processes associated with the extent of local CD8 ϩ cell infiltration.
Immunopathomorphological staining of tissue specimens enables microscopic evaluation of morphological details, phenotype and the presence of activation markers in infiltrating cells. The presence of lymphocytes, mainly CD8 ϩ , in the vicinity of epithelial cells of the skin 1 and the presence of apoptosis of single cells constitute a hallmark of acute GVHD. 2, 3 Nucleolar organiser regions (NORs) of basal cells are strongly stained in skin biopsies in acute GVHD. 4 NORs accumulation characterizes cells in the cell cycle. 5 It has been interpreted as a sign of an enhanced proliferation rate of skin keratinocytes in acute GVHD lesions. NORs accumulation depicts the cells being in cell cycle which, however, may not be completed with a successful mitosis. If cell division can not be completed the process terminates with apoptosis. 6 In the present work, we evaluated an association between the extent of lymphocyte infiltration and the presence of both Ki67ϩ and apoptotic cells in skin biopsies obtained from acute GVHD patients. In addition PCNA, cyclin A, and cell division cycle 2 (cdc2) positivity of keratinocytes were evaluated. This complex analysis showed an impairment of the growth cycle of keratinocytes in patients post BMT which likely promotes apoptotic processes associated with the extent of local CD8 ϩ cell infiltration.
Patients and methods

Patients
Eighteen cases (10 adults and 8 children) with chronic myelogenous leukemia (n ϭ 6), acute leukemia and myelodysplastic syndrome (n ϭ 7), aplastic anemia and Fanconi anemia (n ϭ 5) underwent HLA-matched sibling transplantation either with BM (12 patients) or with PBPC (5 patients). One patient (CML) received PBPC obtained from his mother (alternative donor transplantation) ( Table 1) . The conditioning regimen consisted of busulfan (BU) 4 mg/kg bw and cyclophosphamide (CY) 50 mg/kg bw given on 4 days (total dose 16 mg/kg bw and 200 mg/kg bw BU and CY respectively) for eight patients suffering from standard risk leukemia or BU 4 mg/kg bw for 4 days (total dose 16 mg/kg bw) and CY 60 mg/kg for 2 days (total dose 120 mg/kg bw) supplemented with 5-15 mg/kg bw etoposide in 2 days (total dose 10-30 mg/kg bw) or 250 mg/m 2 thiotepa in 3 days (total dose 750 mg/m 2 ) in three and two poor risk patients, respectively. FA cases received 5-15 mg/kg bw of anti-thymocyte globulin (ATG, Fresenius, Bad Homburg, Germany) over 5 consecutive days (total dose 25-75 mg/kg bw) and CY 20 mg/kg bw given in 4 days (total dose 80 mg/kg bw). SAA patients received CY at a dose of 50 mg/kg bw in 4 days (total dose 200 mg/kg bw) and 5 mg/kg bw ATG during 5 days (total dose of 25 mg/kg bw) ( Table 1) .
Acute GVHD prophylaxis included cyclosporin A (CsA) to achieve target serum levels between 100-200 ng/ml and methotrexate (MTX) at a dose 10 mg/m 2 or 5 mg/m 2 (SAA patients only) given on days ϩ1, ϩ3, ϩ6 and ϩ11. MTX was discontinued in two cases due to either mucous membrane or liver toxicity. Toxicity was evaluated according to the WHO standard criteria. Acute GVHD symptoms prompted the start of prednisone treatment beginning from a dose of 2 mg/kg bw which was increased at 2-day intervals when there was no response.
Biopsies of normal skin obtained from four cases (age from 15 to 49 years) undergoing thoracic surgery due to non-malignant and non-inflammatory diseases served as controls for growth cycle marker studies. Labelling of lymph nodes with metastatic lesions documented the power of cyclin A, cdc2 and Ki67 antibodies to detect cells in cell cycle (not shown).
Methods
Skin biopsy specimens were taken at the first signs of skin lesions prior to or on the next day (except one case) after prednisone administration (Table 1) .
Skin biopsies were taken from clinically apparent lesions with the use of a biopsy punch. Biopsies were halved (or two parallel biopsies were taken) and one portion was fixed in formaldehyde whilst the other one was snap frozen. Formaldehyde blocks were routinely processed and stained with hematoxylin and eosin (HϩE). Cryostat sections were stained with HϩE and parallel sections were labelled for the presence of (1) CD3, CD4, CD8 (Dako, Copenhagen, Denmark), DR (Behring, Marburg, Germany) and Ki67 antigens (kindly provided by J Gerdes, Borstel Research Institute, Germany) with the use of the immunoperoxidase or APAAP method according to the manufacturer's instructions; and (2) apoptotic cells by ApopTag In Situ Apoptosis Detection Kit Peroxidase (Oncor Gaithersburg, MD, USA). The latter labelling was based on the binding of terminal deoxynucleotidyl transferase (TdT)-coupled digoxygenin to 3ЈOH DNA ends. The degree of this labelling was amplified by using anti-digoxygenin peroxidase conjugate (TUNEL technique). Nuclei were counterstained with 1% methyl green. A rabbit thymus from a 3-week-old animal served as a positive control. In negative staining controls water was used instead of TdT. To study growth cycle markers paraffin block sections were stained for the presence of PCNA, Ki67 (Dako), cyclin A and mitotic kinase cdc2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) with the use of Dako EnVision system. HϩE-stained sections were evaluated according to the published criteria of acute GVHD 7 and apoptotic lesions. 8 Mononuclear cell infiltration was graded as follows: less than five cells in a cluster, grade 0; 6-20 cells in a cluster, grade 1; 21 to 50 cells in a cluster, grade 2; one focus containing more than 50 cells in a cluster, grade 3 and more than one focus in the tissue, grade 4.
Statistical analysis
Mann-Whitney U-test, Fisher's exact test and Student's ttest for paired samples were used for statistical evaluation of the results.
Results
Out of 18 patients studied, 15 met the clinical criteria 9 of acute GVHD. Histopathology, which included immunopaBone Marrow Transplantation thomorphological staining, was consistent with acute GVHD in 14 patients. In only one patient (UPN 104) did skin histology not validate clinically suspected acute GVHD and toxic lesions were diagnosed. Altogether four patients showed histology suggestive toxic but not acute GVHD lesions. Toxic lesions were characterized by thinning of the epithelium and scarce lymphocyte infiltration, composed of CD4 ϩ cells, which did not invade the epithelium. 7 The percentage of Ki67ϩ cells like PCNA-positive cells was lower in all toxic lesion skin biopsies as compared to normal skin (not shown). Ten biopsies taken at the first skin manifestation showed a picture consistent with grade I or II and five had more advanced acute GVHD lesions. In eight patients' skin biopsies, routine histological staining revealed cells which may have been regarded as apoptotic (shrunk with nuclear chromatin condensation). 8 The TUNEL technique confirmed the presence of apoptotic cells in seven out of these eight specimens and revealed the presence of apoptotic cells in two additional cases. Altogether apoptotic cells were present in biopsies of nine patients. Apoptotic cells were present in both epithelial basal layer cells of the epidermis (Figures 1 and 2 ) and in epithelial adnexal structure cells. There were no lymphocytes in the vicinity of apoptotic cells. However, apoptosis was seen in skin areas showing a picture of advanced acute 
Table 2
The presence of apoptotic cells in skin biopsies against the grade of mononuclear cells infiltration GVHD (epidermis spongiosis and/or epidermiolysis). In hair follicles apoptotic cells were seen only occasionally. Lymphocytes were not seen in the vicinity of apoptotic cells but they were present in deeper areas of the skin. The extent of this infiltration ( Table 2 ) composed mostly of 
CD8
ϩ cells (Table 3) was significantly higher in biopsies with, than biopsies without apoptotic cells in the skin. Immunopathomorphology of acute GVHD was substantiated by the presence of heightened expression of DR antigens on keratinocytes and on infiltrating mononuclear cells. In advanced acute GVHD (уgrade II) mononuclear cells formed clusters composed of several to more than 50 cells localized in rather deeper areas of the skin (around small vessels and hair follicles). In contrast in biopsies with toxic lesions and grade I acute GVHD infiltrating mononuclear cells were less numerous but DR positive, clusters were not seen and keratinocytes lacked DR expression (not shown).
Ki67-positive cells were enumerated and the extent of staining was assessed. The fraction of Ki67ϩ cells in the basal layer of the epidermis was similar in both specimens having and lacking apoptotic cells (median values: 0.25 vs 0.2). However, Ki67ϩ staining was much stronger in tissue sections with apoptotic cells present. Cell nuclei were larger and more strongly labelled with Ki67 MoAb than those biopsies lacking apoptosis (Figures 1 and 2 ). This picture was seen in seven out of nine specimens with apoptotic cells and in only one out of nine in tissue sections lacking apoptosis (P ϭ 0.008) ( Table 4) .
Sequential skin biopsies showed that both the number of Ki67ϩ cells and of apoptotic cells increased as acute GVHD advanced. Ki67ϩ cells in advanced acute GVHD were focally grouped. In end-stage acute GVHD, both Ki67ϩ and apoptotic cells decreased as the number of epidermal cells decreased (Figure 1 ). PCNA staining followed the pattern of Ki67 being slightly lower in biopsies with toxic lesions as opposed to acute GVHD skin (not shown). Patients were grouped according to the TUNEL staining results (Table 1 ). Group 1 consisted of patients having apoptotic cells and group 2 of those lacking apoptotic cells in their skin biopsies. Patients with apoptotic cells in skin biopsies were older than those lacking apoptotic cells (mean Ϯ s.e.m: 24.8 Ϯ 3.7 vs 15.2 Ϯ 3.4 years; P ϭ 0.042) and received more toxic conditioning, which included etoposide or thiotepa, more frequently (4/9 vs 1/9, NS) ( Table  1) . Both factors may have contributed to the more frequent occurrence of severe toxic mucous membrane complications in group 1 as compared to group 2 (P ϭ 0.013) ( Table 1 ). All patients with positive skin staining for apoptotic cells (group 1) met the histopathological and clinical criteria of acute GVHD. Regarding the stage of acute GVHD they were also more advanced than patients in group 2 (P ϭ 0.015) ( Table 1) .
Six acute GVHD, two toxic lesions skin biopsies and four control skin specimens were evaluable for growth cycle-associated protein staining in paraffin block sections. In all eight specimens (independent of whether they showed acute GVHD or toxic lesions) the frequency of cyclin A positive cells was higher than that of cdc2 positive cells (32% vs 8%; P ϭ 0.0072) (Figure 2 ) in contrast to normal skin which was characterized by similar proportions of cyclin A and cdc2 positive cells (Figure 3 ). The prevalence of cyclin A-positive over cdc2-positive cells was seen in biopsies with acute GVHD independent of the results of TUNEL staining. However, accumulation of cyclin A was seen in all four biopsies with apoptotic cells but not in normal or diseased skin lacking apoptotic cells (eight biopsies) (Figures 2 and 3 ). The pattern of cyclin A staining was similar to that of Ki67. The same was seen with respect to cyclin A when Ki67 protein accumulated (Figure 2 ). 
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Discussion
It is known that the level of circulating cytokines is elevated in patients after BMT. 10, 11 This is thought to be the result of conditioning regimen toxicity and alloreactivity of donor lymphocytes. 12 Most patients at the time of hematological recovery show an elevation of IL-6 and other cytokines with growth factor potential. 13, 14 When keratinocytes become activated, they express DR antigens 15, 16 and have an increased number of NORs. 4 These cells are therefore activated and enter the cell growth cycle but, in spite of that, they vanish from the epidermis. To explain these rather discrepant findings it was suggested that invading lymphocytes 17 attack proliferating epidermal basal cells first. The present paper data showed the association between apoptosis and the keratinocytes Ki67 and cyclin immunoreactivity, but not with colonization of the epidermis by lymphocytes (Figure 2) . Rather, lymphocyte infiltration was localized in deeper areas of the skin. In skin with toxic or only grade I acute GVHD, the basal layer of the epidermis was linear with a sparse and even distribution of Ki67ϩ cells and no apoptotic cells. In acute GVHD у grade II, Ki67ϩ cells were rather focally grouped and the nuclei were uniformly densely filled with Ki67 protein (Figure 1 ). Ki67 antigen is present in cycling cells beginning from G 1 . 18 PCNA staining results followed that of Ki67. In post-BMT skin biopsies, cyclin A-positive cells prevailed over cdc2-positive cells. Cdc2 decreases in cells arrested at the G 2 /M boundary. 19 A substantial decrease of cdc-2 positive cells was seen in all biopsies tested including those with only toxic lesions. Cyclin A however, was well represented and even accumulated in biopsies with apoptotic cells. It was reported that cyclin A may accumulate in cells failing to undergo mitosis. 20 Therefore, the genotoxic insult of the conditioning procedure was sufficient for an impairment of the cell cycle. Susceptibility of cells to the toxic effect depends on the cell type. UVB irradiation of the skin induces G 1 arrest prolonged S and G 2 /M block of epidermal keratinocytes. 21 A similar situation seems to be valid for the skin in patients after BMT conditioning. Thus, the toxicity of conditioning makes the skin susceptible to acute GVHD ( Table 1) .
The number of apoptotic cells was low and they were seen in patients with more pronounced mucosal and/or skin toxicity and were associated with the severity of acute GVHD and with the extent of the lymphocyte infiltration in the skin but not with the presence of lymphocytes in the epidermis. Apoptosis therefore belongs to the picture of full blown acute GVHD, which includes tissue damage and lymphocyte infiltration (Table 2 ).
It appears that the skin damage in patients after BMT constitutes a two stage process. At first, a genotoxic insult impairs cell cycling and causes a defect at the G 2 /M boundary. This results in a low mitotic rate of keratinocytes in spite of the relative high proportion of cells which are either Ki67 (Figure 2) or AgNORs positive. 4 This situation makes the cells sensitive to apoptotic death. The mechanism of delivering of the final apoptotic hit to keratinocytes can not be concluded from the present study but is likely to be associated with lymphocyte infiltration. It may be due rather to a local release of inflammatory cytokines, which may have (eg TNF␣) growth arrest potential 22 but not to a direct granzyme-dependent lymphocyte attack. Granzyme induces apoptotic death and requires the cdc2 kinase activity, 19 but it is apparently absent in the skin post BMT.
